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The  Boration  of  Iron  and  its  Alloys 
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/Iron  with  boron  forms  solid  solution  and  the  two 
borides  Fe2B  and  FeB. |  Fig  i  shows  a  diagram  for  the  com¬ 
position  Fe-B,  constructed  from  data  given  by  several 
authors  (Ref  1-4)  and  (12-17). 

The  solubility  of  boron  in  ot-  and  T-  iron 
according  to  Veser  and  Muller  (Ref  12)  depending  on  the 
temperature  is  given  in  Table  1. 

Table  1. 
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a)  modification  of  iron;  b)  temperature 
in  degrees  C. 


/More  recent  studies  of,  t2)e  FeB  system  have  confirmee 
the  presence  in  it  of  boride  phases  of  the  type  FeoB  and  FeBj 
there  are  significant  differences  in  the  data  on  the  solubil- 
/R  ®*.-and  Voiron./  Thus,  Spretnlk  and  Spelzer 

(Ref  13)  have  Indicated  that ■ the  solubility  of  boron  in 
iron  at  a  temperature  or  970®C  does  not  exceed  0.003^. 


% 


Nlkolson  (Ref  l4)  feels  that  the  maximum  solubility  of  boron 
in  y-lron  is  at  a  temperature  of  1,1650c  0.0021^,  decreasing 
to  0.001^  at  911°C,  At  a  temperature  of  the  solubil¬ 

ity  of  boron  in  ot-iron  is  0.002^,  decreasing  with  a  decrease 
in  temperature. 

A  higher  solubility  of  boron  in  iron  was  obtained 
in  the  studies  of  Basbl  and  others  (Ref  15), (Ref  I6).  In 
y-iron  it  amounts  to  0.0035?^  at  a  temperature  of  9o2oC  and 
Ino^'iron  it  changed  within  the  following  range  as  a  function 
of  temperature: 


Temperature  in  degrees  C  850  835  751  700 

Solubility  in  percent  0,0035  0.0018  O.OOO6  O.OOO3 

McBrady,  Spretnik,  and  Speizer  (Ref  17)  carried  out 
careful  studies  of  the  Fe-B  system.  They  smelted  the  metals 
to  be  studied  in  an  Induction  furnace  in  a  vacuum  or  in  a 
furnace  with  controlled  atmosphere  electrolytic  iron  and 
boron  having  a  high  degree  of  purity,  obtained  as  a  result 
of  BClo  dissociation,  were  used  as  the  initial  materials.  As 
a  result  of  the  study,  a  part  of  the  FeB  composition  diagram 
was  constructed,  shown  in  Figure  2,  which  apparently  is  the 
closest  to  reality. 
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Fig  1. ;  FeB  composition  diagram, 
a)  tempera turei  b)  llquldj 
0)  magnetic  conversion;  d)  weight 
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Pig  2.  Pe-B  composition  diagram, 
a)  temperaturej  b)  boron  content 
In  percent;  c)  boron  content  In 
weight  percent. 


Table  2 
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a)  modification  of  Iron;  b)temperature 
In  degrees  C, 


^  authors  (Ref  11)  and  (Ref  18)  have  felt 

that  with  A-lron  boron  forms  a  solid  solution  of  Introduc¬ 
tion,  and  with  )Ciron  -  of  substitution.  Measurement  of 
base  vapor  pi^ssure  however  showed  that  during  dissolution 
of  boron  in  >Ciron  the  formation  of  a  solid  solution  of 
introduction  was  possible.  This  question  requires  further 

probable  that  boron  is  preferably  located 
at  defects  in  the  lattice,  particularly  at  the  boundaries  of 
the  grains. 


All  those  studying  the  Pe-B  system  have  not  noted 
regions  of  solid  solutions  at  the  base  of  Iron  borides  (see 
■^iS  taking  Into  account  their  pure  chemical  compounds 
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which  are  not  soluble  In  boron  or  In  iron. 

/starting  with  the  Fe-B  system  and  a  general  theory 
for  the  formation  of  a  multiphase  diffusion  layer,  in  the 
saturation  of  iron  or  another  metal  by  a  diffuting  element 
it  is  possible  to  represent  the  formation  kinetics  of  the 
berated  layer  in  iron  in  the  following  way,|(Ref  2). 

/Depending  on  the  temperature,  the  saturation  of 
boron  first  diffuses  in  cL-  or  Y-  iron  up  to  complete 
saturation.  After  the  maximum  solubility  of  boron  in 
cdT  )  -  iron  is  reached  seeds  of  the  boride  Fe2B,  which  is 
stable  at  a  different  temperature,  are  formed  on  the  sur¬ 
face  of  the  iron.  This  boride  takes  the  form  of  specific 
needle-like  chrystalltes  going  from  the  surface  to  the 
interior.  As  time  passes  seeds  of  the  boride  PeB  are  formed 
on  the  surface  of  the  iron,  which  take  the  form  of  needle- 
like  chrystalsj  A  typical  structure  df  a  borated  layer, 
obtained  in  iroh  is  shown  in  Figure  3.  /This  type  of  a 
diffused  layer  is  probably  connected  with  the  varying,  non- 
uniform  formation  of  seeds  of  the  boride  phases  on  the 
surface  and  with  the  great  rapidity  of  their  diffusion 
growth  as  compared  to  the  lateral  growth.  During  the 
transition  from  one  phase  to  another  a  sharp  drop  in  the 
boron  concentration ) (Ref  5) jcan  be  observed  in  the  diffus¬ 
ion  layer.  The  formation  of  boride  layers  during  the 
saturation  of  iron  by  boron  cannot  be  explained,  assuming 
the  possibility  of  instability  in  the  composition  of  the 
boride  phases.  I  /  •  . 

■  '  ,  h  ' 


Fig  3.  Microstructure  of  a  borated  layer 
In  technical  iron.  X300 

.There  is  no  doubt  that  borides  are  solid  solutions. 
Consequently,  it  is  Impossible  to  draw  vertlcle  lines  (Fig  1) 
which  correspond  to  the  chemical  composition  of  FeoB  or 
FeB  in  a  diagram  for  the  Fe-B  composition,  and  it  Is  necess¬ 
ary  to  designate  the  areas  in  which  these  phases  exist.  The 
homogeneity  limits  of  boride  phases  must  be  the  subject  of  a 
special  study. 


Figure  4  indicates  the  dependence  of  the  over-all 
depth  of  the  diffusion  layer  and  of  the  zone  of  solid  _ 
borides  on  the  saturation  temperature.  As  can  be  seen  from 
Pleure  4  a  break  in  the  curve  can  be  observed  in  the  transit¬ 
ion  from  dL-  to  Y  -  phase.  Apparently,  this  can  be  explained 
by  the  fact  that  in  the  oC-  phase  the  dlf^slon  process  is 
carried  out  much  more  easily  than  in  the  1  -  phase  (Ref  0) • 
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Fig  4.  Effect  of  temperature  on  the  depth  of 
the  borated  layer  in  technical  Iron. 

Dlborane  medium  with  hydrogen  for  2  hours: 

1  -  general  layer  depth;  2  -  depth  of  the 
solid  layer  of  borides.  —  a)  Layer  depth; 
b)  Temperature. 
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Fig  5*  Effect  of  the  carbon  content  in 
steel,  subjected  to  boration  upon  the 
depth  of  the  borated  layer,  a)  depth  of 
the  borated  layers;  b)  carbon  content. 

Carbon  retards  the  diffusion  of  boron  in  iron  which 
can  be  readily  seen  in  Figure  5,  while  an  Increase  of  carbon 
in  steel  decreases  the  development  of  the  boride  PeB.  The 
hardness  of  the  borated  layer  decreases  with  an  increase  of 
carbon  in  the  original  steel  (Table  3). 
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Table  3 
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a)  carbon  content  in  the  steel  in  percent; 

b)  hardness  of  the  borides. 

According  to  several  studies  (Ref  6-8),  boron  with 
carbon  forms  a  carbide  of  the  type  61263(340).  However, 
along  with  the  studies  of  other  authors  (Ref  4),  our 
studies  (Ref  5)  have  shown  that  when  steel  is  saturated  with 
boron  boron  carbides  are  not  formed  in  the  diffusion  layer  on 
the  other  hand,  in  the  formation  of  boride  phases  the  dis¬ 
placement  of  carbon  from  the  surface  in  the  direction  of  the 
diffusion  is  often  observed,  which  leads  to  the  formation  of 
a  zone  with  a  higher  carbon  content  ahead  of  the  front  of 
growing  borides  (Figure  6).  Thus,  a  perlite  structure  is 
observed  behind  the  layer  of  borides  on  the  surface  of  steel 
containing  an  average  amount  of  carbon.  This  structure 
gradually  changes  into  the  original  perlltlc- ferrite  struct¬ 
ure  of  hypoeutectold  steel.  A  grain  of  austenite,  which  is 
enriched  by  boron  (which  is  in  solid  solution)  and  by  carbon, 
is  much  larger  than  in  the  sample  core  (see  Figure  6). 

There  is  a  great  deal  of  Interest  in  the  boratlon 
of  alloyed  steel,  including  highly  alloyed  steel  which 
belongs  to  the  ferrite  and  austenite  class.  The  intro¬ 
duction  of  alloy  components  into  steel,  particularly 
elements  of  a  transition  group,  had  a  great  effect  upon  the 
phase  composition  of  the  diffusion  layer,  on  the  kinetics 
of  its  formation,  and  in  technical  characteristics  of  the 
layer  -  the  depth,  the  hardness,  the  resistance  to  erosion, 
and  corrosion. 

In  Table  4  an  attempt  is  made  to  systematize  the 
borides  phases  which  are  formed  from  the  Interaction  of 
boron  with  different  elements  from  the  periodic  element 
system  of  Mendeleyev  according  to  data  in  the  literature. 

[Note;  Table  4  is  not  reproduced  for  this  report.] 
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Fig  6.  Microstructure  of  the  borated  steel 

layer  45  (boratlon  temperature  750OC.  X200). 

In  the  formation  of  compounds  of  B  with  transit¬ 
ional  refractory  metals  from  the  IV,  V,  and  VI  group  of  the 
periodic  system  of  elements,  the  degree  to  which  the 
unfinished  d-levels  of  the  atoms  are  filled  by  electrons  from 
boron  atoms  Is  greater,  the  lower  are  the  energy  character¬ 
istics  and  the  greater  Is  the  elctronlc  defect  of  the  d-level 
of  the  transition  metal  (Ref  9)» 

In  the  change  from  one  metal  In  a  group  of  the 
periodic  system  to  another,  the  probability  that  p-electrons 
of  boron  will  remain  at  the  location  of  unfilled  d- electron¬ 
ic  sublevels  of  transition  metal  atoms  Increases  approx¬ 
imately  proportionally  tq  the  number  of  electrons  which  are 
found  In  the  d- electronic  sublevel  and  to  the  main  quantum 
number  of  this  level,  l,e.,  proportionally  to  1/Nn  (Ref  17). 

The  reason  that  certain  metals  do  not  form  borides 
can  be  found  In  their  electronic  structure,  since  it  is  not 
possible  to  explain  this  phenomenon  by  differences  In  the 
radii  and  Ionization  potential  of  the  metals.  In  the  boride 
Me2|B  and  Me2B,  the  electronic  interaction  of  Isolated  B  atoms 
with  metal  atoms  which  form  the  lattice  are  very  weak  and 
consist  of  the  tr’ansmlssion  of  electrons  from  the  metal  to 
boron  with  subsequent  overlapping  of  the  filled  p  and  Sp3  - 
hybrid  (  for  MegB)  orbits  of  B  and  of  the  empty  p-  or  d  - 

-  26  - 


orbits  of  the  closest  metal  atoms.  This  type  of  interaction 
is  characteristic  for  transitional  metals.  Sp3  -  hybridiza¬ 
tion  takes  place  for  MeB  borides,  where  in  a  zigzaglike 
chain  of  B  atoms  each  atom  forms  two  bonds  B  -  B  and  two  bonds 
B  -  Me.  In  MeBg  borides  the  B  atoms  form  hexagonal  flat 
lattices  and  are  connected  with  each  other  by  Sp2  -  orbits; 
these  are  connected  with  metallic  lattice  by  means  of  the 
p  -  orbit.  The  MeB5  and  MeBi2  borides  are  composed  of  metal 
atoms  and  aggregates  of  Bg  and  MeBi2;  electronic  interaction 
leads  to  the  transmission  of  metal  electrons  in  these  aggre¬ 
gates.  The  question  as  to  the  existence  of  this  type  of 
borides  is  determined  by  the  value  for  the  potential  and  the 
radius  of  the  metal. 

In  order  to  clarify  the  effect  of  component  alloys 
on  the  phase  composition,  the  formation  mechanism,  the  depth 
and  the  properties  of  the  borated  layer,  we  carried  out  a 
special  study.  Steel  containing  an  average  amount  of  carbon 
(0.38  -  0.51^C)  with  varying  chromium  content  (  from  I.06  to 
25.5^)  and  nickel  content  (from  2  to  12.8^)  was  subjected  to 
boratlon.  In  addition,  we  studied  the  effect  of  the  nickel 
content  (2-8^),  the  manganese  content  (1.96-8^)  upon  the 
boratlon  of  steel  containing  a  large  amount  of  chromium,  with 
chromlimi  content  of  15^  and  45^,  and  also  the  effect  of 
tungsten,  titanlrun  (1.9-3. 5^)  and  niobium  (0.6-1.54^)  in  the 
boratlon  of  steel  of  the  Khl8N8  type. 
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Pig  7.  The  effect  of  chromium  on  the  depth  of  the  borated  lay¬ 
er.  a)  depth  of  layer;  b)  chromium  content. 
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With  the  exception  of  steel  containing  a  large 
amount  of  chromium,  all  of  the  steel  had  a  austenitic  struc¬ 
ture  at  a  given  boratlon  temperature_;  at  the  saturation 
temperature  steel  containing  a  large  amount  of  chromium  had 
a  mixed  structure  consisting  ofct~  plus  Z'-  phases. 

Data  on  the  effect  of  chromium  on  the  depth  of  the 
borated  layer  are  given  in  Figure  7.  The  distance  from  the 
sample  surface  to  the  end  of  the  boride  phases,  including 
the  transitional  layer  (solid  solution  plus  borides)  -  if  it 
was  observed  in  the  structure  -  was  taken  as  the  full  layer 
depth. 


At  the  same  time  the  depth  of  the  solid  layer  of 
borides  was  measured.  The  data  obtained  showed  that  the 
addition  of  chromium  up  to  3^  in  the  steel  containing  an 
average  amount  of  carbon  greatly  decreased  the  depth  of  the 
diffusion  layer  (see  Fig  7)* 

A  further  increase  in  chromium  from  did  not 

cause  any  notlcable  change  either  in  the  over-all  layer 
depth  or  of  the  layer  of  solid  borides. 

With  a  high  chromium  content  ( 12-25^)  in  steel 
having  a  content^  of  0.51^C  ,  a  further  decrease  in  the  depth 
of  the  borated, layer  was  observed  (see  Fig  7). 

Under  the  effect  of  chromium  the  microhardness  of 
the  borated  layer  Increased  somewhat.  Thus  for  example  the 
microhardness  of  steel  containing  0.38^C  and  0.06^Gr  was 
H200  1290,  while  for  an  Increase  of  chromium  up  to  7.56^  - 
H20O  1850.  In  steel  containing  0.51^C  and  I3.O-I9. 5^Cr,  the 
microhardness  fell  within  the  range  H200  I850-2290. 

Up  to  4-6^  nickel  (Fig  8)  lowers  the  depth  of 
diffusion  layer.  With  a  higher  nickel  content,  the  over-all 
depth  of  the  layer  barely  changes,  but  the  depth  of  the  solid 
boride  layer  sharply  decreases.  This  can  be  readily  seen  In 
Figure  9j  where  the  microstructures  of  a  borated  layer  in 
nickel  steels  are  shown.,  Some  times  the  penetration  of 
boride  "moustaches"  (Fig  9)  was  observed  in  nickel  steel  at 
a  considerably  large  depth  as  compared  with  the  measured 
depth  of  the  borated  layer  (Pig  8). 

In  steel  having  a  large  nickel  content  (6-8^)  there 
is  practically  no  solid  boride  layer  and  only  a  austenitic  - 
boride  zone  is  observed  (Pig  9).  If  the  amount  of  nickel  in 
the  steel  is  increased  the  hardness  of  the  borated  layer 
decreases. 
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Pig  8.  Effect  of  nickel  on  the  depth  of 
the  borated  steel  layer  containing  O.hlfoC. 
a)  layer  depth;  b)  nickel  content;  c)  micro- 
hardness. 

If  steel  containing  a  large  amount  of  chromium  Is 
alloyed  with  nickel  (0.32^C,  15.52^Cr),  a  certain  Increase 
In  the  over-all  depth  and  the  depth  of  the  solid  borides  Is 
observed.  With  a  higher  nickel  content  the  layer  depth  eith¬ 
er  does  not  change  or  decreases  only  slightly  (Plg  10 ).  The 
structure  of  the  diffusion  layer  can  be  seen  In  Figure  11.  A 
well  developed  layer  of  solid  borides  can  be  observed  In  all 
the  steel.  The  presence  of  tungsten  (2.2^)  In  steel  contain¬ 
ing  a  large  amount  of  chromium  lowers  the  depth  of  the 
borated  layer. 

The  Introduction  Into  chromium  steel  (O. 32^0  and 
15^Cr)  of  up  to  8^  manganese  barely  changes  the  depth  or 
the  structure  of  the  borated  layer. 
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Fie  9  licrostructure  of  a  borated  layer  of  steel, 
contaiAine  C  =  0.41^;  Ni  =  12.32^.  X300 
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Fig.  10.  Effect  of  nickel  on  the  depth  of  the  borated 
layer  of  steel,  containing:  1  —  0.32;^  C,  15 *52^  Cr; 

2  —  0.32^  C,  15.525^  Cr  and  2.2^  W. 
a)  Layer  depth;  b)  Nickel  content. 
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Fig  11.  Microstructure  of  the  berated  layer 
in  steel  containing  0.32^C,  15.52^Cr  and  S.O^Nl.  X300 

Figures  12  and  13  show  the  effect  of  titanium  and 
niobium  on  the  depth  and  microhardness  of  the  berated  layer 
In  steel  of  the  Khl8N8  type.  It  can  be  seen  from  the  data 
which  I  presented  that  niobium  and  especially  titanium, 
greatly  decrease  the  depth  of  the  berated  layer  and  decrease 
Its  hardness.  The  decrease  in  the  depth  of  the  diffusion 
layer  under  the  effect  of  alloy  components  is  apparently 
connected  with  the  increase  In  the  stability  of  the  bond  in 
the  boride,  which  was  shown  experimentally  In  the  boratlon  of 
alloyed  ferrite  (Ref  l4). 


Fig  12.  The  effect  of  titanixom  on  the  depth 
and  hardness  of  the  borated  layer  In  Khl8N8  steel, 
a)  layer  depth;  b)  microhardness .5  c)  Titanium 
content. 


Fig  13.  The  effect  of  niobium  on  the  depth 

and  hardness  of  the  borated  layer  of  Khl8N8  steel. 

a)  layer  depth;  b)  microhardness;  c)  Niobium  content. 

Along  with  studying  the  effect  of  different 
elements  on  the  boratlon  process,  we  made  a  study  of  the 
boratlon  of  a  series  of  standard  heat  resistant,  fire 
resistant  and  rust  resistant  brands  of  steel.  The  data 
shown  In  Table  5  show  that  practically  all  of  the  steel 
studied  could  be  strengthened  by  the  boratlon  method. 
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Table  5 
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properties.  Thus  for  example  steel  15KhllMF  Is  subjected  to 
tempering  at  750°C,  and  consequently  boratlon,  which  Is  the 
final  operation  In  preparing  It,  must  be  carried  out  at  a 
temperature  not  exceeding  750®  C. 

Studies  carried  out  by  A.  V.  Ratner  and  L.  G.  Leon¬ 
ova  at  the  Institute  Imenl  F!..  E.  Dzerzhlnskly  showed  that 
boratlon  of  a  layer  obtained  after  saturation  In  a  B2H6  plus 
H2  medium  In  Khl5H3V3T  steel  had  a  high  resistance  to  erosion 
and  to  scratching,  after  being  heated  for  a  long  period  of 
time  (1750  hours)  at  a  temperature  of  700^0 . 

Figure  17  shows  the  distribution  of  microhardness 
according  to  the  depth  of  the  borated  steel  layer  Khl5N37V3T 
Within  the  limits  of  the  solid  layer  of  borides  the  hardness 
barely  changes;  with  the  transition  Into  the  austenitic  - 
boride  zone,  the  microhardness  sharply  decreases.  The  nature 
of  the  hardness  distribution  depending  on  the  depth  of  the 
borated  layer  In  other  brands  of  steel  which  have  been 
studied  is  completely  similar  to  that  shown  in  Figure  17. 

Long  heating  of  the  austenitic  steel  of  the  type  Khl5N37V3T 
at  a  temperature  of  7OOOC  barely  changes  the  microhardness 
of  the  diffusion  layer. 


Pig  l4.  Effect  of  temperature  (a)  and 
duration  of  the  process  (b)  on  the  depth 
of  the  borated  layer  of  20KhNMF  steel. 

1)  layer  depth;  2 )  temperature;  3)  Time; 

4)  hours. 
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Fig  15.  Effect  of  temperature  on  the 
depth  of  the  borated  layer;  1  -  l^KhllMF 
steel;  2  -  25Kh2KF  steel, 
a)  layer  depth;  b)  temperature. 


Fig.  16.  Effect  of  temperature  (A)  and  duration  of  boration 
at  8500c  (B)  on  the  layer  depth  of  Khl5N37V3T  steel; 

1  —  total  layer  depth;  2  —  zone  of  solid  borides, 
a)  layer  depth;  b)  time;  c)  hours;  d)  temperature; 
e)  total  depth;  f)  borides. 


The  formation  kinetics  of  the  borated  layer  in 
alloyed  steel  differs  from  the  formation  kinetics  of  a  layer 
in  iron  or  another  pure  metal.  At  the  temperature  at  which 
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Iron  or  another  metal  is  saturated  by  boron  phase  mixtures 
cannot  occur,  for  example  T  (^)  -  solid  solution  of  borides. 
If  there  are  component  alloys  in  the  original  steel,  espec¬ 
ially  boride  producing  components,  then  a  multiphased  layer 
can  be  formed  at  the  diffusion  temperature  -  a  saturated 
ot(  y )  “  solution  and  borides. 
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Ig  l8.  Micro structure  of  borated  steel 
ayer;  a  -  Kh23Nl8  (  boration  temperature  950°C) 

-  Kh23Nl8  (boration  temperature  l^lOO^Cji 

-  ,Kh25N25T  (boration  temperature  950OC)|  X500 
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In  the  saturation  of  highly  complex  alloyed  steel 
containing  a  high  content  of  nickel,  chromium,  and  other 
components,  apparently  the  fonnatlon  of  the  diffusion  layer 
takes  place  In  the  following  way.  After  the  solid  solution 
has  reached  its  saturation  limit  with  boron  and  the  compo¬ 
nent  alloy,  borides  appear  on  the  surface  being  treated. 

The  formation  of  borides  which  contain  a  large  amount  of 
borlde-produclng  components.  Is  accompanied  by  a  reduction  of 
these  components  in  the  solid  solution.  The  borides  appear 
In  the  form  of  Individual  sections  located  within  the  solid 
solution  and  exist  simultaneously  with  It.  With  the  passage 
of  time  borides  are  formed  not  only  on  the  surface  but  with¬ 
in  the  layer,  and  the  austenitlc-borlde  (or  ferrite-boride) 
zone  extends  to  a  certain  depth.  Along  with  an  increase  in 
the  blphased  zone  (  Y  solid  solution  plus  borides)  the  quan¬ 
tity  also  Increases  and  there  Is  an  Increase  In  the  boride 
formations  on  the  surface  and  In  the  layer  depth. 


The  more  borlde-produclng  components  which  the 
steel  contains,  the  greater  is  their  affinity  to  boron  and 
the  less  the  boride  requires  boron  for  its  formation.  In 
addition  the  remaining  conditions  being  the  same,  the  borides 
are  also  formed  more  readily.  As  a  result,  a  solid  layer  of 
borides  is  formed  on  the  surface,  under  which  is  located  a 
well  developed  austenillc-bOrlde  ( ferrlte-borlde)  zone. 
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Fig  19.  Microstructure  of  a  borated  layer 
of  steel  containing  0.4l^C  and  12.82^N1,  X5OO 


••  38  • 


Figure  l8  shows  the  raicrostructures  of  a  borated 
layer  In  Kh23N18  and  Kh25N25T  steel,  which  illustrates  quite 
well  the  described  mechanism  for  the  foraiation  of  the 
diffusion  layer. 

Brief  saturation  with  boron  at  a  high  temperature 
leads  to  the  formation  of  a  well  developed  austenitic-bor¬ 
ide  zone  (Figure  19).  In  the  given  case  a  solid  boride  layer, 
is  not  formed  due  to  the  intensive  discharge  of  boron  atoms 
(caused  by  the  diffusion  processes  in  austenite)  from  the 
surface  to  deeper  layers.  With  a  decrease  in  the  boratlon 
temperature  and  an  Increase  in  the  length  of  the  process,  a 
solid  layer  of  borides  is  formed  on  the  surface,  under  which 
an  austenitic-boride  zone  (see  Figure  l8)  is  formed.  In 
this  zone  the  borides  are  initially  formed  along  the  boun¬ 
daries  and  the  joints  of  the  austenite  grain,  then  in  the 
grains  and  along  the  boundaries  of  large  blocks  of  mosaic, 
where  metastability  of  the  supersaturated  solid  solution  is 
apparently  attained.  This  formation  of  the  boride  phases 
provides  a  basis  for  assuming  that  the  diffusion  of  boron 
takes  place  primarily  along  the  grain  boundaries. 

Diffusion  along  the  grain  boundaries  is  usually 
observed  in  most  cases  in  which  the  solubility  of  the 
diffusing  component  in  the  basic  metal  is  small.  Boron  is 
no  exception  in  this  case.  The  increased  diffusion  mobility 
of  boron  along  the  grain  boundaries  can  be  explained  by  its 
solubility  and  by  another  energy  state  which  are  greater  than 
within  the  grain.  Atoms  along  the  boundaries  have  greater 
mobility  than  they  do  within  the  grain,  due  to  the  high 
concentration  of  vacancies.  The  activation  energy  of  diff¬ 
usion  along  the  grain  boundaries,  as  has  been  shown  in 
several  studies,  is  considerably  less  than  for  diffusion 
within  the  grain. 

Along  with  saturation  by  boron  of  the  steel  surface, 
carbon  is  removed  from  the  austenite  by  means  of  its  diffus¬ 
ion  toward  the  core.  This  can  readily  be  seen  in  Figure  19, 
where  the  microstructure  of  a  borated  layer  obtained  in  x 

steel,  containing  0.4l^C  and  12.82^Ni,  is  shown. 

Thus  in  the  transitional  austenite-boride  zone 
at  the  diffusion  temperature  there  are  at  least  two  solid 
solutions  with  differing  carbon  concentrations  along  with 
the  boride  phase. 

An  X-ray  structural  study  of  the  phase  composition 
of  a  borated  layer  in  steel  containing  a  large  amount  of 
chromium  (l3^Cr),  steel  containing  nickel  (25^N1)  and  steel 
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containing  chromium  and  nickel  (l8^Cr  and  8^Nl)  shows  that 
it  consists  of  iron  borides^  in  which  part  of  the  iron  atoms 
are  replaced  by  component  alloys  (Ref  6). 

When  steel  containing  a  large  amount  of  chromium  is 
borated,  the  borides  (FaCr)2B  and  (Fe,  Cr)B,  the  nickel 
borides  (Fe,  Nl)2B  and  [Fe,  Ni)B,  and  the  chromium- nickel 
borides  (Fe,  Ni,  Cr)2B  and  (Fe,  Nl,  Cr)B  are  formed.  It  is 
possible  that  boron  is  replaced  by  carbon  in  the  borides. 

Similarly  with  the  carbide  phase,  when  steel  con¬ 
taining  a  large  amount  of  boride-producing  components  -  for 
example,  nickel  -  is  saturated  with  boron,  the  formation  of 
borides  of  the  type  NI3B  and  NI2B  is  possible. 


THE  BOR ATI ON  OF  NICKEL  AND  ITS  ALLOYS 

/  [ We  found  no  data  in  the  literature  regarding 

^strengthening  nickel  by  the  boratlon  method,  if  we  exclude 
the  works  of  Oknov  and  Moroz^,|(Ref  ll). 

As  can  be  seen  from  Table  4  and  Figure  20,  with 
/nickel  boron  forms  a  series  of  borides. 

/■;  ■  The  borides  Ni3B,  NI3B2,  and  NIB,  which  are  poor  in 
boron,  are  of  great  value  in  studying  the  structure  of  a 
borated  layer. J 

The  boride  NI3B  has  a  rhombic  lattice  with  the 
periods  A  =  4.352;  B  =  5.223,  and  C  =  6.615  A  (ref  I9). 
According  to  R.  Stlg  (Ref  20)  the  lattice  ^periods  of  Nl^B 
are:  A  =  4.389,  B  =  5.211,  and  C  =  6.619  A.  The  boride 
Ni2B  has  a  tetragonal  lattice  of  the  type  CUAI2  with  the 
periods:  A  =  4.98O;  C  =  7.396,  and  C/A  =  O.851  (Ref  21).  The 
nickel  boride  NIB,  according  to  data  given  by  Blum  (Ref  22), 
has  an  orthorhombic  lattice  with  the  periods:  A  =  2.952; 

B  =  7.396,  and  C  =  2.966  A.  There  are  no  data  in  the 
literature  regarding  solubility  of  boron  in  nickel. 

/  The  formation  mechanism  of  the  borated  layer  in 
nickel  and  in  iron  is  the  same.  The  boron  initially 
dissolves  in  the  nickel,  and  when  the  limits  of  solubility 
are  reached  on  the  surface  produces  a  solid  boride  layer^. //  ' 
NI3B,  containing  25-30^Nl.  After  a  period  of  time  a  phase 
recrystalization  is  possible  on  the  surface  with  the  form¬ 
ation  of  a  boride  NI2B  which  is  richer  in  boron,  I 
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jThe  growth  of  boride  phases  In  the  diffusion 
layer  also  points  to  the  existence  of  solid  solutions  on  l\ 
a  boride  base  and  to  the  solubility  of  boron  In  nickel, | 
which  is  not  noted  in  the  composition  diagram  (see  Figure  20).^ 
A  study  which  we  carried  out  showed  that  gas  boratlon  in 
the  mixture  of  diborane  with  hydrogen  B2H6  plus  H2,  in  the 
ratio  1:25,  is  an  effective  method  of  strengthening  nickel 
and  alloys  based  upon  it.  Figure  21  shows  a  typical  micro¬ 
structure  of  a  borated  layer  in  pure  nickel  after  saturation 
from  the  gas  phase  (B2H6  plus  H2)  at  a  temperature  of  950OC 
for  6  hours.  Thus  a  well  developed  solid  layer  of  borides 
is  formed  on  the  surface.  This  layer  is  at  a  depth  of  70-80ml4 
has  great  hardness,  and  changes  little  with  depth.  A  charac¬ 
teristic  of  such  a  diffusion  layer  is  the  penetration  of 
boride  phases  along  the  grain  boundaries  to  a  considerable 
depth.  After  boratlon  according  to  the  indicated  regime 
borides  along  the  grain  boundaries  were  detected  at  a  depth 
of  more  than  1mm.  With  an  increase  in  the  process  temper¬ 
ature  the  depth  of  the  borated  layer  Increases  exponentially. 
The  alloys  of  nickel  were  also  treated  to  boratlon.  The 
results  are  given  in  Table  6. 


(  0  )  am  *• 

'C  UO  so  60  70  8  0  90  m 


Fig  20.  Composition  diagram  Nl-B. 
a)  temperature;  b)  weight  c)  technical 
atmosphere 
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Fig  21.  Microstructure  of  a  borated 
layer  In  pure  nickel.  X500 
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Table  6 
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1780 
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6^ 

50-60 

100-130 

1890 

X20H70l(k; 

950 

6* 

50 

150-180 

2010 

XI6H5X1) 

950 

6 

20 

130-150 

1830 

a)  alloy;  b)  boration  regime;  c)  layer 
depth  in  mk;  d)  temperature  in  degrees  C; 
e)  duration  In  hours;  f)  borides; 
g)  total;  h)  microhardness  Hpqo  on  the 
surface*  ;  i)  Kh20N80;  j)  Kh27N70';  k)  Kh20N70T; 

1)  Khl6N57. 

*  After  boration,  diffusion  soaking  was  carried  out  without 
the  addition  of  an  active  mixture  (B2H5  plus  Hp)  for  four 
hours . 
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As  can  be  seen  from  the  data  which  are  given,  the 
boration  of  nickel  alloys  ensures  great  surface  hardness. 
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Fig  22.  Microstructure  of  the  borated 
layer  obtained  for  nickel  alloys  Kh20N70T  fa) 
and  Kh27B70  (b)  at  a  temperature  of  9500C  tor  , 

0  hours  and  for  the  nickel  alloy  Kh20N70T  (c) 
at  a  temperature  of  1, 100^0  for  2  hours.  X500. 

Figure  22  shows  the  structure  of  an  alloy  on  a 

solid  layer  of  borides  of  the  type 
(Nl,  Cr)B  and  (Nl,  Cr)  B  can  be  seen,  under  which  a  well 
developed  zone  is  located:  solid  solution  -  borides. 
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The  formation  kinetics  of  a  diffusion  layer  in 
nickel  alloy  does  not  differ  in  principle  from  that 
described  for  complex  alloys  on  an  iron  base  a  layer  is 
first  formed  on  the  surface  which  is  composed  of  a  solid 
solution  and  borides.  If  the  saturation  process  is  in¬ 
creased,  at  a  given  temperature  the  formation  of  new 
boride  deposits  takes  place,  which  leads  to  the  formation 
of  a  solid  boride  layer  on  the  surface,  under  which  is 
located  a  well  developed  zone  made  up  of  a  solid  solution 
and  boride  phases.  The  higher  the  temperature,  the  less 
the  development,  other  conditions  being  equal,  and  layers 
of  solid  borides  are  formed.  The  zone  then  greatly  increases: 
solid  solution-borides  (see  Figure  22). 

Figure  23  shows  the  nature  of  the  hardness  change 
depending  on  the  depth  of  the  borated  layer  in  Kh20N70T  steel. 
Within  the  limits  of  the  solid  boride  layer,  the  hardness 
barely  changes;  in  the  transition  to  a  layer  composed  of  a 
solid  solution  in  borides,  the  hardness  greatly  decreases. 
Fragility  of  the  borated  layer  is  small.  The  study  which 
was  carried  out  showed  that  it  was  completely  possible  to 
strengthen  the  surface  of  nickel  alloys  by  means  of  gas 
boratlon. 


% 
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Fig  23.  Hardness  distribution  according  to 
the  berated  layer  of  steel  Kh20K70T.  X200 

a)  microhardness;  b)  layer  depth. 

j  CONCLUSIONS 

1.  In  this  study  it  has  been  shown  that  the 

formation  kinetics  of  the  berated  layer  obeys  the  general 
laws  of  reactive  diffusion.  ,  ^  - 

2.  It  has  been  established  that  the  diffusion 

of  boron  takes  place  more  readily  in  a  body-centered  lattice 
of  cC-lron  than  in  a  boundary-centered  lattice  of  T -Ivon,  j 
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I  Frontal  diffusion  was  observed  in  the  lattice  of  oL  -iron, 

■  which  corresponds  to  the  development  of  a  borated  layer. 

3.  The  phase  composition  and  the  formation 
kinetics  of  a  borated  layer  in  highly  complex  alloyed  steel 
of  the  type  Kbl8N9T,  Kh23N18  and  Kh25T  was  studied.  It  was  shown 
that  after  saturation  of  the  solid  solution  a  multlphased 
layer  is  formed  in  the  diffusion  layer;  this  layer  is  com¬ 
posed  of  a  solid  solution  of  boron  in  iron  and  iron  borides 
of  the  type  (Fe,  Cr,  Ni)2B,  and  also  of  lower  chromium  and 
nickel  borides  (Cr2B,  Cr^B,  Ni2B,  NI3B,  and  others).  After 

a  period  of  time  a  solid  boride  layer  made  up  of  high  borides 
(CrB,  Cr2B5,  NIB,  Nl^Bc)  and  of  iron  boride  of  the  type 
(Fe,  Cr,  Ni)B  is  formed  on  the  surface.  Under  the  layer  of 
solid  borides  a  multlphased  layer  is  located  (solid  solution 
plus  borides)  beyond  which  there  is  a  zone  of  a  solid  boron 
solution  in  iron. 

4.  The  effect  of  alloy  components  (chromium,  nickel 
manganese,  nlublum,  titaniimi)  on  the  development  of  the 
diffusion  layer  was  studied: 

a.  In  steel  containing  an  average  amount  of  carbon 
(0.3-0.5^C)  small  additions  of  chromium  sharply  decreased 
layer  depth.  An  Increase  in  the  chromium  content  from 

3-8^  causes  no  noticeable  change  in  the  over-all  depth  of 
the  layer  or  of  the  layer  of  solid  borides.  With  a  high 
chromium  content  (12-15^)  a  decrease  in  the  depth  of  the 
borated  layer  is  again  observed; 

b.  4-6^  nickel  decreases  the  layer  depth  in  steel 
containing  an  average  amount  of  carbon,  but  a  higher  content 
of  nickel  has  practically  no  effect; 

c.  If  steel  containing  a  large  amount  of  chromium, 
3Khl5  and  3Khl5V2,  is  alloyed  with  nickel,  there  is  an  increase 
in  the  general  layer  depth  and  in  the  layer  depth  of  solid 
borides; 


d.  If  8%  manganese  is  Introduced  into  chromous 
steel  3Khl5V2  the  depth  and  character  of  the  layer  barely 
changes. 


e.  Of  all  the  component  alloys  which  were  studied 
niobium  and  titanium  decreased  most  sharply  the  depth  of  the  ' 
borated  layer  in  Khl8N8  steel. 

5.  It  was  found  that  it  is  possible  to  carry  out  j 
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gas  boratlon  of  nickel  and  its  alloys.  The  formation  of  a 
diffusion  layer  in  nickel  and  its  alloys  takes  place  in  a 
manner  which  is  similar  to  the  formation  in  the  alloys  with 
an  iron  base.  A  change  in  the  phase  composition  of  the 
diffusion  layer  from  the  surface  to  the  depth  is  character¬ 
ized  in  the  following  way:  NIB  and  Ni3B2 Ni2B  NI3B. 

In  nickel  alloys  of  the  type  Kh20N70  ,  the  highest 
layers  (NIB,  NI3B2,  Cr5B3,  Cr2B5,  CrB)  were  located  in  the 
surface  layer  and  the  lowest  borides  (NI2B,  NI2B,  Cr2B, 

CriiB)  were  located  in  the  layer  located  far  from  the  surface, 
in  addition  to  the  nickel  borides  (Nl,  Cr)B  and  (Nl,  Cr)2B.  | 
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